The ionic mechanisms of slow recovery of cardiac excitability and rate-dependent activation failure were studied in single, enzyraatically dissociated guinea pig ventricular myocytes and in computer simulations using a modified version of the Beeler and Reuter model for the ventricular cell. On the basis of our results, we developed a simplified analytical model for recovery of cell excitability during diastole. This model was based on the equations for current distribution in a resistive-capacitive circuit. A critical assumption in the model is that, in the voltage domain of the subthreshoid responses, the sodium and calcium inward currents do not play a significant role, and only the two potassium outward currents, the delayed rectifier (I K ) and the inward rectifier, are operative. The appropriate parameters needed to numerically solve the analytical model were measured in the guinea pig ventricular myocyte, as well as in the Beeler and Reuter cell. The curves of recovery of excitability and the rate-dependent activation patterns generated by numerical iteration of the analytical model equations closely reproduced the experimental results. Our analysis demonstrates that slow deactivation of the delayed rectifier current determines the observed variations in excitability during diastole, whereas the inward rectifier current determines the amplitude and shape of the subthreshoid response. Both currents combined are responsible for the development of Wenckebach periodicities in the ventricular cell. The overall study provides new insight into the ionic mechanisms of ratedependent conduction block processes and may have important clinical implications as well. (Circulation Research 1989;65:775-788) W enckebach periodicity is a property of normally polarized cardiac ventricular cells. 1 Indeed, postrepolarization refractoriness and rate-dependent activation failure have been demonstrated both experimentally in guinea pig ventricular myocytes and in computer simulations of single cardiac cells. Various patterns of intermittence, which depended on the driving fre-
quency as well as on the particular combination of transmembrane current systems involved, were shown to occur in both. Thus, under certain conditions of critical stimulus magnitude and frequency, predictable stimulus/response ratios, including those of the Wenckebach type, were readily demonstrable in the majority of single-cell experiments. Such patterns were associated with relatively large "beatto-beat" increments in stimulus-to-response latency and with characteristic inward rectifier potassium current (1^) mediated subthreshoid responses (type 1), which were insensitive to either tetrodotoxin (1 IX) or cobalt. In some cells, however, high frequency stimulation led to patterns of intermittent failure with so-called "millisecond Wenckebach." 2 These latter patterns were mediated by TTXsensitive subthreshoid responses (type 2) and resulted from apparently faster excitability recovery kinetics than those of the first type.
On the basis of our results, 1 we have postulated that delayed recovery of excitability and Wenckebach periodicity are the result of a slow time course of deactivation of the potassium outward current (I K ), which, together with the voltage dependence of Im and/or sodium current (I Nn ), will determine the success or failure of activation, depending on the time during the diastolic interval. Accordingly, because of the slow time course of l K deactivation, a depolarizing input applied at an early phase during the diastolic interval will be less effective than a later one since, early in diastole, the membrane resistance is lower than at later intervals. A precise model of the ionic bases of Wenckebach periodicity would be quite complicated since it involves at least three transmembrane current systems, I K , I K1 , and I Na , that are described by nonlinear partial differential equations. 3 However, it is possible to develop for voltage-dependent currents a simplified model that is amenable to theoretical and numerical analysis. In the present study, we have focused our attention on the mechanisms of the classical Wenckebach phenomenon, that is, rate-dependent activation failure associated with type 1 subthreshold responses. 1 To better understand such mechanisms, we have devised an analytical model of cell excitability in which the only time-dependent variable is the deactivation process of I K , whereas nonlinear voltage-dependence is given by IKJ. An iterative procedure using these simple equations results in cyclic patterns of activation that are strikingly similar to experimental data from single, enzymatically dissociated, guinea pig ventricular myocytes, as well as to data obtained by numerical solution of the Beeler and Reuter 3 model. The overall study provides new insight into the dynamics and subceUular mechanisms of heart ratedependent conduction block processes and may have important clinical implications as well. Some of these experiments have been presented in abstract form. 4 
Materials and Methods Dissociation and Recording Procedures
The dissociation and recording procedures have been detailed in an earlier paper. 1 Briefly, adult guinea pigs were anesthetized with sodium pento-barbital (35 mg/kg i.p.) and heparinized (500 units). The hearts were quickly removed, and single ventricular myocytes were isolated using the method of Isenberg and Klockner. 5 The cells were transferred to the stage of an inverted microscope (model IMT2, Olympus, Cherry Hill, New Jersey), where they were maintained in Tyrode's solution of the following composition (mM): NaCl 148, KC1 5.4, NaH 2 PO 4 0.33, MgCl 2 1.0, glucose 5.5, and HEPES 5.0 as well as 30 yM TTX (Sigma Chemical, St. Louis, Missouri) and 2 mM CoCl 2 (Sigma) to block the active inward currents (pH 7.4, adjusted with NaOH). Recordings were obtained with suction pipettes (DC resistance, 2.5-5 Mfl) in the wholecell voltage-clamp configuration. 6 Composition of the internal pipette solution was (mM) KC1 150, MgCl 2 1.0, HEPES 5, EGTA 5, B-OH-butyric acid 2, ATP (disodium salt) 5, and phosphocreatine (disodium salt) 5. Membrane potentials were corrected by -8 mV to account for tip potentials. 1 
Current-Clamp Protocols
Individual myocytes and the Beeler and Reuter 3 model cell were stimulated periodically at basic cycle lengths of 1,000-2,000 msec. This was done using brief (10-20 msec) stimuli for cases in which all active currents were operative or long (500-msec) stimuli in the cases in which active currents were blocked. Single test pulses were applied after every tenth basic stimulus at progressively earlier intervals. Recoveryof-excitability curves were constructed by measuring the time interval from the premature stimulus to the subsequent action potential.
Voltage-Clamp Protocols
We determined the steady-state current-voltage (I-V) relations from 15 different cells exposed to 2 mM CoCl 2 and 30 JAM TTX. A depolarizing voltage ramp (2.8 mV/sec) was applied from a holding level of -110 mV to +30 mV, and the cell current was simultaneously recorded through the same pipette (discontinuous single-electrode voltage-clamp technique). Due to the blockade of the inward currents, we considered that the current elicited at voltages more negative than the threshold for activation of I K (measured as -20 mV in our experiments) was largely flowing through the inward rectifier 1^ channel.
We were interested in the time course of I K deactivation at the resting potential (i.e., when holding current was equal to zero). This value varied between -80 and -90 mV in the 15 cells studied. Taking the value of zero current as holding potential, conditioning depolarizing pulses of 500msec duration to 20-30 mV were applied every 10 seconds. Each conditioning pulse was followed at various intervals by a single test pulse of 100-msec duration to 10-25 mV. The instantaneous current induced by each test pulse was an indication of the degree of I K deactivation achieved at that particular interval. A similar protocol was performed from a holding potential of -58 mV in 15 cells.
To analyze the voltage-dependence of I K activation, three cells were subjected to the following protocol. From a holding potential of -75 to -80 mV, depolarizing test pulses were applied to various levels of potential for 4 seconds, followed by repolarization to -30 to -35 mV. The amplitude of the tail current at repolarization was considered an index of the degree of activation of the channel at the test voltage level.
Computer Simulations
Computer simulations were carried out using a modified version of the Beeler and Reuter 3 model. A PDP 11/73 computer equipped with 2.5 megabytes of core memory and 56 megabytes of Winchester disk storage was used for these simulations, as well as for calculating the numerical solutions of the analytical model of Wenckebach periodicity (see Appendix 1) . Graphic output during the computer runs was displayed on either a VT125 graphics terminal (Digital Equipment, Maynard, Massachusetts) or a Tektronix graphics terminal (model 4010, Tektronix, Beaverton, Oregon). Hard copies were obtained using an X-Y plotter (model 7470A, Hewlett Packard, Palo Alto, California), a Tektronix hard copy unit (model 4631), or an Apple LaserWriter Plus printer. Some of the simulations were run on an IBM PC/AT computer equipped with 1024 Kb of core memory, 40 Mb hard disk, and EGA graphics. This was connected remotely (via a 9,600 baud modem) to the Cornell National Supercomputer Facility at Cornell University, Ithaca, New York, and to the Center for Advanced Technology and Software Engineering at Syracuse University, Syracuse, New York.
Voltage-Clamp Protocols in the Simulations
The simulation protocols for voltage clamping were similar to those described for the experimental preparations. Membrane potential was held at the equilibrium potential for I K (-77 mV). A conditioning depolarizing pulse (300 -msec duration to 0 mV) was followed by a test pulse of 100 msec to -60 mV, applied at coupling intervals that were different for each run. An envelope of the instantaneous current jumps during the test pulses indicated the time course of deactivation of I K .
Curve Fitting
The time courses of I K activation and deactivation were determined by using a generalized nonlinear curve-fitting program, based on the leastsquares criterion to determine convergence. The program was originally developed by Mr. William Goolsby at Emory University, Atlanta, Georgia, and kindly given to us by Dr. 
The Analytical Model
Consider the case of a normally polarized ventricular myocyte that has been driven by a train of 10 suprathreshold depolarizing current pulses (S,; see Figure 1A ) applied through a suction pipette. After the tenth basic stimulus, a test depolarizing pulse (S?) is to be applied at a specific diastolic interval after the ensuing action potential. We ask the following question: what would be the time (t F ) needed for a constant current input of critical magnitude to bring the membrane potential from its resting level to threshold if I K deactivation were the only time-dependent mechanism responsible for the delayed recovery in the excitability of the cell?
In an attempt to answer this question, we make the following simplifying assumptions: 1) Only two currents are operative within the range of membrane potential in question (-85 to -60 mV); these are the time-dependent "delayed rectifier" potassium outward current, I K , and the time-independent "inward rectifier" potassium outward current, I K1 .
2) I K has been partially activated by the last action potential in the train ( Figure 1A ). We consider time (t)=0 as the moment at which I K deactivation begins (i.e., in the case of a guinea pig ventricular myocyte, when membrane potential repolarizes to -30 mV; see below). 3) The time constant of I K decay is long relative to the time constant of the membrane.
From the equations describing the membrane potential change during current injection in a resistive-capacitive element (see Appendix 1), t F can be calculated with the expression
where C is the cell membrane capacitance, I is the current injected through the suction pipette, and J is the difference between threshold potential and resting membrane potential. All these terms were measured experimentally and subsequently assumed to be constant. R m (t) is the value of total membrane resistance (R m ) as a function of time after I K deactivation started and can be calculated for each value of t (see Appendix 1) according to the equation
where R K1 is the chord resistance of the I,a channel, calculated between the resting potential and the value of threshold potential (see Appendix 1 and Figure IB) , t is the time elapsed from the onset of I K deactivation to the beginning of S 2 , T K is the time constant of I K deactivation and R K (0) is the resistance of the I K channel at the beginning of its deactivation process.
The theoretical model is summarized as follows. I K deactivation is assumed to be the major determinant of the changes in excitability during diastole in a well -polarized ventricular myocyte. Hence, the excitability curve obtained experimentally should follow the function t^t), which is derived according to the theoretical techniques outlined above. Further, theoretical iteration of Equations 1 and 2 for periodic stimulation of the myocyte should yield periodic rhythms similar to those obtained by repetitive stimulation of the ventricular myocyte. Derivation of the model equation is presented in Appendix 1.
Results
Using the analytical model to predict the various patterns of rate-dependent activation failure under a given set of stimulus parameters requires the use of the "excitability recovery curve." When the calculated values of R K i, R K (0), T K , the membrane time constant (T m ), J, and I are included in the model equations, such a curve can be constructed to solve for t F at every diastolic time at which a stimulus is applied. In the following sections, we illustrate by example how this curve is derived, and we then compare the results of the analysis with those obtained experimentally through the use of premature stimulation techniques, in both ventricular myocyte and the Beeler and Reuter 3 model. Finally, an iterative procedure is used to compute the response patterns to periodic stimulation on the basis of the analytical recovery curve, and a comparison is made with the periodic sequences obtained in the Beeler and Reuter model.
The Outward Currents in the Guinea Pig Ventricular Myocyte
According to our hypothesis, the two most important current systems involved in the delayed recovery of excitability during diastole and in the development of Wenckebach periodicity are the I K i and I K . Thus, in devising the analytical model, it was of crucial importance to determine the properties of these currents in a detailed manner. Moreover, the meaningful analysis of the results from the ventricular myocytes required a number of experiments to ensure reproducibility of the values selected.
The inward rectifier current. The I-V relation of the I K1 was obtained from 15 ventricular myocytes by using the whole-cell voltage-clamp technique. Cells were exposed to cobalt (2 mM) and TTX (30 /*M) to block the active inward currents. A voltage ramp of 2.8 mV/sec was applied from -110 mV to +30 mV through the suction pipette, and the membrane current was recorded. The I-V relation in Figure IB was taken from a cell whose resting potential was -87 mV. The relation was linear in the outward direction, (R m , 15.8 Mil). However, strong rectification in the inward direction with a negative-slope region was also apparent. For this particular example, chord resistance, measured between the resting potential and the inflection of the I-V curve (see Appendix 1) at -66 mV, was 45.2 MH. In 15 experiments, the mean value of input resistance in the hyperpolarizing direction was 25.9±2.9 Mil (mean±SEM). The chord resistance varied widely from cell to cell, ranging between 20 and 80 Mfi, with a mean value of 48.3±4.3 MO, (/i=15).
The delayed rectifier, potassium outward current. As previously stated, the analytical solution considers time=0 as the moment at which I K deactivation begins. Before measuring this value in the ventricular myocyte, it was necessary to study the voltage dependence of steady-state I K activation. Figure 2 shows current recordings from one of three experiments in which this was done. The top tracing in panel A illustrates the voltage protocol. A command pulse of 4-second duration was applied to various levels from a holding potential of -78 mV, and the current tail (1,^) was measured upon repolarization to -33 mV. The current tracings show a progressive increase in the amplitude of the tail, indicating an increase in current activation at more depolarized levels of potential. Panel B illustrates all data points collected. Current activation was apparent at -20 mV, and the maximum (I loa "") was reached at 40 mV, with a half maximal amplitude (V h ) at 9.5 mV. The continuous line shows the calculated values for an equation of the type: where V h is 9.5 mV and the slope factor, S, is 12 mV.
The time course of deactivation of I K was determined in 15 ventricular myocytes in the continuous presence of cobalt (2 mM) and TTX (30 fiM). The example shown in Figure 3 was taken from a cell whose membrane potential was held at -85 mV, that is, at the resting level of potential. The voltageclamp protocol consisted of a conditioning command potential of 500 msec to +25 mV, which allowed for I K activation, and was followed by a test pulse of 100-msec duration to +25 mV, applied at various intervals. The presence of an inwardly directed tail current upon repolarization from the command potential indicated that the reversal potential of the activated current was less negative than the resting membrane potential. Also, the time course of current reactivation during each pulse was different depending on the test interval. More importantly, as the test interval was increased, there was an exponential decrease in the amplitude of the instantaneous current jump and, consequently, in the degree of deactivation of I K . Analysis of all cases studied (« = 15) revealed that the time course of this decay was best described by a monoexponential function of the type I K (t)~lK(0) exp( -t/T K ), with a mean T K of 216.9±20.5 msec. Dividing the amplitude of the voltage test pulse by the amplitude of I K at the beginning of current deactivation [i.e., I K (0)] gave the calculated value of R K (0). The average value of R K (0) in the same 15 cells was 574.6±53.4 MO.
The time course of I K deactivation was also studied for a more depolarized holding potential (-58 mV). As described previously by other authors, 7 the deactivation process under these circumstances does follow a single exponential, but with a slower time course. The average time constant in our 15 experiments at this lower level of holding potential was 254.8± 19.9 msec.
The Outward Current-Mediated Recovery Curve in a Myocyte
The persistence of "active" voltage responses in the presence of TTX and cobalt, 1 and the feasibility of applying both current-clamp and voltage-clamp protocols to any given cell, enabled us to carry out a complete analysis of the recovery kinetics in that cell. In fact, we were able to construct the excitability curve by selecting all parameters from the same myocyte. In addition, we could compare directly the curve generated by Equations 1 and 2 with the experimental recovery curve obtained through the use of premature stimulation techniques in those myocytes in which only the outward currents were operative.
The parameter values in the example used for analysis were as follows: resting membrane potential [V m (0)], -88 mV; R K1 ,26.2 Mil; 1,1.07 nA; J, 27.2 mV, measured arbitrarily on the I K1 I-V relation as the difference between the resting potential and threshold potential, which was assumed to be 0.3 mV below the inflection point from positive to negative slope (i.e., at dI/dV=0; see references 1 and 8), and T K , 285.7 msec and R K (0), 370 Mil. These last two parameters were obtained from the I K deactivation experiment (see Figure 3 ) in this particular cell; we considered that I K deactivation started (i.e., t=0) when, after an action potential, the membrane repolarized to -30 mV. The time elapsed from the onset of I K deactivation to the beginning of S 2 is designated as t (see Figure 1A ).
Finally, T m =16 msec was measured at the upstroke of a small subthreshold depolarization in response to a constant current pulse applied after a long period of quiescence, and C ra =0.61 nF was calculated from the equation T m =R m C m .
The value of Q,, is somewhat higher than that reported in the literature. 5 -9 This difference may have resulted from a discrepancy between calculating C^ as T m /R ffl (t) and estimating it through the time course of the subthreshold depolarization (see excitability curve in the Beeler and Reuter 3 model).
When all these parameters were included in Equations 1 and 2, we obtained the recovery curve shown as a continuous line in Figure 4A . The data points correspond to actual experimental values obtained through premature stimulation techniques. The interval t F was measured from the experimental recording between the onset of the current pulse and the time at which the cell reached threshold. Clearly, the experimental points fell on or very close to the theoretical curve, which strongly sup-ports the hypothesis that the recovery of the t F interval is determined by the time course of I K deactivation.
Threshold potential in the myocyte is not followed instantaneously by the action potential upstroke. Indeed, once threshold is achieved, a slowly rising foot potential produces an additional finite delay between the onset of S 2 and the rapid phase of the upstroke (hereafter called the tu interval). In our experiments, t v was correlated linearly with t F , as shown in Figure 4B . Thus, when t v (measured between the onset of S 2 and the upstroke, 60 mV above the resting potential) was plotted against the t F interval, a linear correlation was clearly apparent with a slope factor larger than one. When the resulting equation was used to calculate analytically the time to upstroke (continuous line in Figure 4C ), the function fell very close to the experimental t u intervals (open squares).
The Analytical Solution Applied to a Normal Ventricular Myocyte
To study the time-and voltage-dependence of the outward currents, it was necessary to block the active inward currents with TTX and cobalt. This precluded us from measuring directly all the parameters in those cells exposed to normal HEPES-Tyrode solution and from being able to compare the resulting function with the recovery curve obtained from the fully excitable cell. As an approximation, we decided to use parameter values that were within the ranges measured in the experiments described above. The results presented in Figure 5 demonstrate the excellent correspondence between the analytical solution and the experimental recovery curve obtained in a fully excitable guinea pig ventricular myocyte. The parameters used were V ra (0)=-88 raV, R K1 =22.3 MCI, R K (0)=530.2 Mil, T K =250 msec, C m =0.66 nF, J=20 mV, and 1=0.92 nA. The continuous line in Figure 5A shows the numerical solution of Equations 1 and 2, whereas the data points correspond to actual measurements of the t F interval. The point t=0 was taken as the time of repolarization to -30 mV after an action potential. The experimental data show a slow process of recovery of excitability that is well fitted by an algebraic equation in which I K deactivation is the only time-dependent variable. Figure  5B shows the experimental t v versus t F plot. Also in this case, both variables are correlated by a linear function. Finally, Figure 5C 
Excitability Curve in the Beeler and Reuter Model
The use of computer simulations allowed for an independent verification of the applicability of our analytical model to predict rate-dependent activation patterns of cardiac cells.
Selection of simulation parameters. TIME=0. For the analytical solution of postrepolarization refractoriness in the Beeler and Reuter 3 model, we considered t=0 (that is, the beginning of I K deactivation) as the moment at which the membrane repolarizes to V m (0)=-50 mV after an action potential. As in the experimental study, t corresponds to the time elapsed from the onset of I K deactivation to the beginning of S 2 (see Figure 1A ). obtained from a voltage-clamp study of activation and deactivation kinetics of I K , in the absence of all other current systems (i.e., I Na =0; IQ,=0; I K , = 0 ) , which are normally present in the Beeler and Reuter 3 model. The protocol was similar to that presented in Figure 3 for the ventricular myocyte. Envelope test analysis of the instantaneous current elicited by test depolarizations after a conditioning depolarizing clamp (see "Materials and Methods") resulted in an R K (0) of 30.3 kfi/cm 2 and a T K of 312.5 msec.
THRESHOLD VOLTAGE, J. A somewhat arbitrary definition of J was adopted from current-clamp simulations in the presence of both I K and I K1 . The method for obtaining J is illustrated in Figure 6 . In panel A we have reproduced the membrane potential tracing obtained from a simulation in which a depolarizing pulse was applied at t=875 msec (see below). If we were dealing with a purely passive electrotonic response (i.e., if the I-V relation of I K1 were linear), the maximum membrane potential change (delta V^ would be given by the product of R m (t) times I. Using Equation 2 and the values of R K1 , R K (0), and T K given above, we would obtain R m (875)=9.0 kfi cm 2 , which, for 1=1.4 /iA/cm 2 , would have caused a delta V^^ of 12.6 mV (see horizontal line in Figure 6A ). We could now define T m as the time needed for the membrane potential to reach 63 percent of delta V^, which in this case was 11.5 msec (however, see below). Once delta V^^ and T m are known, a curve can be drawn for the electrotonic potential according to the equation: Figure 10D of the preceding paper').
between t F and time to upstroke (tu) yielded a straight line (except for the two highermost points). Panel C: The continuous line represents the same data depicted in panel A but modified by the empirical straight-line equation shown in panel B. The closed diamonds correspond to actual measurements of the t v interval (same data as in
function of time. A depolarizing current pulse of -1.4 ixAJcm 2 was used. The results of the analysis are presented in Figure 7 . In panel A, the calculated t F is plotted as a continuous line as a function of the stimulus timing, expressed as time of I K deactivation (t). For comparison, the closed diamonds show data taken from a simulation using the Beeler and Reuter 3 model in which all inward and outward currents were operative. Test current pulses, S 2 , of 100-msec duration were applied at various intervals after a conditioning action potential, initiated by a brief Sj of suprathreshold magnitude (see also Figure 1A) . Clearly, the two functions are strikingly similar and superimposable, which strongly supports the idea that, as in the single ventricular myocyte, slow diastolic recovery of excitability is the direct result of the prolonged time course of deactivation of the repolarizing outward current, I K . Just as in the experimental situation, there is an excellent correlation between the values of t F in the Beeler and Reuter 3 cell and those of t U} measured in this case as the interval between S 2 and the action potential upstroke at -20 mV. In fact, plotting one variable against the other ( Figure 7B ) reveals that, except for the two highermost data points (i.e., for t>419 msec), the activation delay imposed by the presence of the foot potential was a continuous function, determined empirically from the equation of a straight line in Figure 7B The solution of this equation is presented graphically in Figure 6B (black dots) where it has been superimposed on the actual change in the membrane potential of the Beeler and Reuter 3 cell. We arbitrarily decided that the Beeler and Reuter cell had achieved threshold when it had depolarized 0.05 mV above the calculated electro tonic response. The difference between the resting membrane potential (V m (0)] and the value of V m at the start of "active" depolarization (VJ was called J (J=V ra (0)-V th ). In the present case, J=11.41 mV. The value of J was calculated only for one particular response (i.e., at time =875 msec), and it was assumed that this value remained constant throughout diastole.
THE MEMBRANE TIME CONSTANT, T m . Initially, we attempted to define T m as the product of R m (t)Cn,. There was, however, a discrepancy between the product of R,,, times C^, and what was obtained by measuring the rate of rise of a subthreshold depolarization. Indeed, in the example of Figure 6 , the time constant measured at 63 percent of delta V( henceforth called the "effective" membrane time constant) was 11.5 msec. In contrast, the equation T m =R m C m gives a value of 9.0 msec. Such a discrepancy probably results from the nonlinear conductance of the I K1 channel in the depolarizing direction. To correct for the effective membrane time constant [T m (eff)], we used a proportionality constant (K). Hence, K=T m (eff)/(R^C m ), and thus, K=11.5/9.0=1.3. K was calculated for a pulse applied at a time corresponding to t=875 msec, and its use carries the implicit assumption that the discrepancy between R^Q, and T m (eff) is independent of the test interval. Hence, to derive the recovery curve, the term R m (t)C m was multiplied by K which gave T m (eff) at each time step of interest.
The analytical solution of the Beeler and Reuter recovery curve. Once the parameters had been selected, Equations 1 and 2 were solved for t F as a t u =t F (3.3572)-19.7473
(3)
Using that same equation in the analytical model allows the prediction of t v from the calculated t F values.
The result of computing tu from Equations 1-3 is plotted in Figure 7C (continuous line), together with the experimental t w values of the Beeler and Reuter 3 cell (closed diamonds). An excellent fit is clearly apparent for these two functions. As will be noted below, the term t u is needed in the iteration procedure used for predicting the Wenckebach-like patterns of activation as a function of the driving frequency. Repetitive stimulation of the Beeler and Reuter 3 cell at 841 msec yielded a pattern (6'-5) that was similar to that predicted by the analytical model 1000
The Ionic Mechanism of Wenckebach Periodicity
The results thus far demonstrate that the time course of I K deactivation and the nonlinear voltage dependence of IKI are the major determinants of the process of diastolic recovery of excitability in ventricular cells. The logical next step is then to confirm that those variations in excitability during diastole are responsible for the development of Wenckebach periodicity during rhythmic stimulation at critical cycle lengths.
It has not been possible to study systematically the various excitation patterns in the ventricular myocyte. Very small perturbations, including minute changes in pipette resistance or temperature with time can produce very large beat-to-beat changes in the pattern of activation and can greatly interfere with the results. We therefore limited the analysis to the dynamics and mechanism of rate-dependent patterns of activation in the Beeler and Reuter 3 cell.
The working hypothesis for the dynamics of Wenckebach periodicity, which has been tested previously in other systems, 10 -14 was that gradual prolongation of the activation time during a Wenckebach cycle reduces the recovery time for a subsequent beat, which in turn will be associated with an even longer activation delay, until failure occurs.
On the basis of Equations 1, 2, and 3, we devised a system that, when iterated, would predict the stimulus/response (n/m) pattern, which would correspond to a particular set of parameters at any given basic cycle length (BCL). The conditions for the iterations are presented in Figure 8A .
We began by considering t_so as the time between the action potential upstroke and the moment the membrane repolarizes to -50 mV and the variable t u as the activation latency (i.e., the time elapsed between the onset of the current pulse and the subsequent upstroke). Hence, the time (t) allowed for the I K current to deactivate after the nth action potential and before the next current pulse is (t) n =BCL-(t u ) n _ 1 -t_ 30 (4) The latency, t U3 for the nth beat [(tu) n ] will thus be determined by the degree of I K deactivation after the preceding action potential (t) n , according to Equations 1, 2, and 3. When (tu) n is included in Equation 4 , the time of I K deactivation for the subsequent beat, (t) n+1 , and thus (tu) n+ i, can be predicted. If t for a given beat is briefer than the briefest time for excitation in the recovery curve (i.e., refractory period), a dropped beat would occur, which would allow for prolongation of the recovery time one full cycle and turn Equation 4 into (t) 0 =2BCL-(t u ) n _,-t_ 50 (5) where (tu) B _i is the latency of the last successful beat. Iteration of the equation is carried out until a stable periodicity (either 1 : 1, Wenckebach cycles or 2 : 1) is achieved. Figures 8B and 8C numerical solution of Equations 1, 2, and 3 (same data as in Figure 7C ). The black dots represent the values of t u , as a function of time, obtained by iterating Equations 1-5 for a BCL of 841 msec (refractory period, 416.1 msec; t_5o, constant at 325 msec). A 6 : 5 stable pattern was obtained. A similar plot is shown in panel C. In this case, the data points of the 6 : 5 pattern were obtained from the Beeler and Reuter model during rhythmic stimulation, also at a BCL of 841 msec. Clearly, in either case, the pattern is a mathematically obligatory result of the excitability curve.
Using the iterative procedure allowed us to study the dynamics of the response patterns for a wide range of BCLs and to compare such dynamics with those demonstrated during repetitive stimulation of the Beeler and Reuter 3 cell. The results presented in Figure 9 are plotted in terms of the m: n ratio (where m=number of responses and n=number of stimuli) as a function of the BCL. A very close correspondence between the steady-state iteration results and the Beeler and Reuter response patterns was demonstrated at BCLs between 860 and 800 msec. In addition, although there were some small differences, the transitions from 1:1 through various Wenckebach-like patterns to 1 : 2 occurred at very similar points as the BCL was progressively reduced. These data strongly suggest that Wenckebach periodicity in the cardiac cell is the result of the nonlinear voltage dependence and slow recovery kinetics of the outward currents I K1 and I K .
Discussion
The results strongly suggest that changes in excitability during diastole are the consequence of the voltage dependence and slow deactivation kinetics of potassium outward currents. Thus, postrepolarization refractoriness and rate-dependent activation failure are properties of normal cardiac cells in response to external stimuli of critical magnitude. The study represents the first demonstration at the single cell level of the ionic basis of the Wenckebach phenomenon and of the dynamics associated with intermittent ventricular cell response to changes in the driving rate.
Considerations on the Properties of the I K Channel
Voltage dependency of activation. For the analytical solution of the recovery curve we defined t=0 as the moment at which I K deactivation begins, after the current has been turned on for a specific period of time. In the case of the ventricular myocyte, we assumed that deactivation starts when the cell repolarizes to -30 mV. This number was obtained from our experimental determination of the steady-state activation curve. As shown by our voltage-clamp experiments (Figure 2 ), I K activation begins approximately at -20 mV, and the current is half-activated at 9.5 mV. Such levels are similar to those obtained by Walsh et al 15 but different from the values of Matsuura et al, 7 who have reported that the threshold for I K activation is -40 mV, whereas half-activation and saturation occur respectively at -13 and +40 mV. It is possible that the discrepancy stems from the fact that Matsuura et al used isoproterenol as part of their standard solution. Although there is controversy about the effects of j8-adrenergic agonists on the kinetics of I*, a number of authors 16 -20 have suggested that catecholamines do not modify the voltage dependency of activation of the IK channel, but Tsien et al 21 reported that adrenaline shifted the I K activation curve toward more negative potentials. Nevertheless, there is no data available for the guinea pig ventricular myocyte, and the difference between our results (as well as those of Walsh et al 15 ) and those obtained by Matsuura et al 7 might indicate that /3-adrenergic agonists may indeed affect the properties of the I K channel. We should point out, however, that measurements of activation threshold depended on our ability to identify tail currents. Since the I K channel has a small conductance, it is possible that a small degree of activation at more negative potentials was undetectable under our experimental conditions. In the Beeler and Reuter 3 cell, the assumption was that the onset of deactivation occurred at the time when the action potential repolarized to -50 mV. The rationale for choosing such a point was based on the fact that, as shown by Beeler and Reuter, the sigmoidal function describing I K activation increases rapidly for membrane potentials less negative than -50 mV, which is also the range at which the opening rate coefficient, a^, becomes a positive exponential. The degree of activation of I K , calculated from the equation for a.i at -50 mV is only 0.0598 of maximum normalized value. It is thus safe to assume that, when the membrane potential reaches -50 mV during repolarization at t_ M , the activation process is basically over and deactivation just begins.
Time course ofI K deactivation. Previous measurements on the time constant of I K deactivation 7 have been done by direct curve-fitting techniques using the current tails obtained upon repolarization from a sufficiently large prepulse. We were interested in the changes of channel conductance in the vicinity of the resting potential of the normal myocyte. However, since the channel conductance is relatively small, it is difficult to use this method for the analysis of current relaxation in the vicinity of the reversal potential. To overcome this limitation, we determined current deactivation from the envelope of the instantaneous current jumps elicited at various coupling intervals from a conditioning pulse. Our results confirm previous observations, obtained in isolated guinea pig ventricular myocytes, 7 in that they show that the process of I K deactivation at potentials more negative than -50 mV can be described by a slow, monoexponential function with a time constant of about 200 msec. In fact, the expression we have used for defining the change in the I K channel resistance with time during the deactivation process is similar to that used in the study of Matsuura et al 7 to describe the kinetics of I K deactivation.
The reversal potential of 1^. Experiments in multicellular preparations 22 -23 have shown that at physiological concentrations of extracellular potassium (i.e., [K] o~5 mM) the reversal potential of the I K current is less negative than the potassium equilibrium potential (V K ). Hence the original denomination of this current as I*. 3 -22 Other studies have suggested that the deviation of the reversal potential is the result of a potassium accumulationdepletion process that takes place in the vicinity of the channel. However, the more recent single cell studies 7 have confirmed that the current becomes inward for potentials more negative than -77 mV ([K] O =5.4 mM), probably because of a small conductance for the sodium ions. Our observations are consistent with that finding. As shown in Figure 3 , the tail current after repolarization to -85 mV (i.e., the resting potential) was inwardly directed, suggesting that in our standard Tyrode solution ([K] O =5.4 mM), the reversal potential was less negative than the resting potential of the cell. However, the tail was outward when the holding potential was -58 mV (not shown).
Changes in Membrane Resistance During Diastole
Our experiments would suggest that after action potential repolarization (phase 3) has been completed, there still remains an inwardly directed time-decaying transmembrane I K current, which would be expected to induce a gradual hyperpolarization during phase 4. This idea does not agree with the general view that the resting potential of the ventricular cell is constant throughout the dia-stolic interval. In addition, application of hyperpolarizing current pulses at different coupling intervals has failed to show any changes in membrane resistance during diastole. 1 This can be explained on the basis of the relatively large resistance associated with I K in comparison with the resistance of the I KI channel. To support this contention, let us consider a hypothetical example in which R K1 in the hyperpolarizing direction is 15 Mft, RK(0) is 530 Mfl, and T K is 250 msec. These values are compatible with our own measurements (see Figures IB, 2, and 3 ) and with those obtained by other authors. Then, if we use Equation 2, R^ would change from 14.59 MH (at time t=0) to 15 MO at time=°°. If we further assume that the resting potential is -82 mV and the reversal potential (E K ) at [K] O =5.4 mM is -77 mV,' then the amount of current flowing through the I K channel at the beginning of its deactivation process would be: I=(l/R K (0)) (V n -E K ), and thus, I=(1/ 530) (-5)=-9.4 pA.
Since in this case the input resistance, equivalent to R m , is 14.59 Mfl, the maximum voltage change that current can produce is the product of 9.4 pA and 14.59 Mft, or 0.137 mV. In other words, during the diastolic interval, the membrane potential would change by less than 0.14 mV as a result of the slow deactivation of I K -Under these conditions, application of a 0.5 nA current pulse in the hyperpolarizing direction would cause a change of membrane potential of 14.59 Mflx0.5 nA=7.295 mV at t=0 and 7.5 mV at t=oo. Such small differences would not be noticeable, unless particularly accurate recording procedures and a large signal-to-noise ratio were used.
On the other hand, the values of R m will be much greater in the depolarizing direction because of the larger chord resistance for I K1 . If R K1 is 40 Mfl, then R ra at t=0 will be equal to 37.19 Mil, and a 0.5 nA pulse will depolarize the membrane by 18.59 mV. In contrast, the same pulse applied at t=» will cause a 20-mV depolarization from the resting level. As demonstrated by both our experiments in the myocyte and the analytical model, such time-dependent changes in membrane resistance are indeed sufficient to determine success or failure of activation, depending on the diastolic interval.
In the case of the Beeler and Reuter 3 model, however, the conductances of I K and I K) are not as different from each other as they are in the ventricular myocyte. For that reason, membrane potential does not remain constant on repolarization from an action potential, but there is a gradual hyperpolarization of about 1 mV during the initial 1,000 msec of diastole. This is probably the reason for the slight deviation in our calculated t F intervals from the simulated Beeler and Reuter values at the long times (500-1,000 msec; see Figure 7A ).
The Analytical Model
We have presented in this article the results obtained by fitting the excitability recovery curve of a ventricular cell to an analytical expression that, when iterated, accurately predicts the periodic patterns of activation of that cell when driven by stimuli of critical magnitude. Such an expression is based on the time and voltage dependence of the potassium channels and relies on selected parameters whose numerical values are derived directly from experiments and simulations in single cardiac cells. The analysis derives also from previous demonstrations in isolated tissue preparations and in single cells that the recovery of excitability can greatly outlast the repolarization phase. Our approach of using the recovery curve to predict the dynamics in the behavior or a cardiac cell is similar to that used recently by Shrier et al in the human atrioventricular node and follows a tradition that dates back to Mobitz in his studies on intermittent atrioventricular block. The analysis conforms also the original hypothesis of Rosenblueth, who suggested that the mechanisms of rate-dependent block processes such as in Wenckebach periodicity in atrioventricular transmission may be related to discontinuous propagation and slow recovery of excitability during diastole. As recently confirmed in the sucrose gap preparation, a premature impulse blocked at an area of depressed conductivity may be extinguished at that site. However, the impulse may resume propagation, but only after a delay imposed by the time necessary for recovery of excitability of the tissue distal to the site of block. The single-cell experiments presented here, as well as previously, demonstrate that such a recovery time may outlast the repolarization phase, even in well-polarized cardiac cells. Indeed, although action potential propagation is irrelevant in the single cell, postrepolarization refractoriness and rate-dependent activation failure are readily demonstrable because of the voltage and time dependence of the potassium currents involved. Moreover, using the equations describing the kinetics of such currents, one can compute with great accuracy the excitability recovery curve, as well as the sequence and driving frequencies at which various stimulus-response patterns are observed.
Ionic Basis of the Wenckebach Phenomenon
The present analysis provides important insight into the mechanisms of frequency-dependence patterns of excitation in the ventricle and can be used to predict arrhythmic behavior under a variety of conditions. Caution should be exercised, however, before attempting to extrapolate our experimental results to the pathophysiology of heart ratedependent conduction disturbances in other types of cardiac tissues. Indeed, there seem to be important variations in the kinetics of the l K current, which depend upon the type of cardiac cell, as well as upon the particular species studied. In rabbit sinoatrial and atrioventricular node cells, for example, Shibasaki 26 found a slow decay of the macroscopic outward current during sustained depolariza-tions to levels above 0 mV. Such a decay was perhaps the result of slow inactivation of the channel, which is not observed in the guinea pig ventricular myocyte. On the other hand, in the Purkinje fiber 27 and the isolated Purkinje cell, 28 the kinetics of I K activation are better described by two, and sometimes three, exponential equations. In addition, as recently suggested by Tseng et al, 9 canine ventricular myocytes also exhibit a biexponential time course.
The only available data on the time course of I K deactivation in the atrioventricular node comes from experiments in multicellular preparations. 29 In that tissue, the outward current tails are comprised of two exponentials: one fast and one slow (time constants of 133 and 1,234 msec, respectively), which would make the I K current a good candidate for the mechanism of rate-dependent failure in that tissue. Thus, on the basis of our results, we may venture to speculate that, although the slow kinetics of I K relaxation in the node are quantitatively different from those in the ventricular myocytes, they may very well be used to explain the delayed process of recovery of excitability and postrepolarization refractoriness that are normally present in the atrioventricular node. Hence, although more experiments would be necessary to confirm our hypothesis in other types of heart cell, the present data strongly suggest that the predictions derived from our analysis point in the right direction.
Appendix 1 Derivation of the Analytical Model
The equations. Injection of current is described by the equation:
which can be rewritten dVJdt=(I/C m )+(V lc m m C m )-(V n /R m C.) (7) Due to variation in the 1 K current, the total membrane resistance changes over time. At any given interval, the time "constant" of the membrane is given by T m (V,t)=C n iR o l(V,t). In the case of the guinea pig ventricular myocyte, T m varies between 15 and 16 msec, depending on the value of t. Since T K is over 10 times this value, for computational purposes we can assume that T m (V,t) is constant. This is called the "quasi-steady state" hypothesis. A similar argument applies in the case of the Beeler and Reuter 3 cell. With this hypothesis, Equation 7
can be directly integrated to yield V m (t)=(Rm exp(-t/T m ) (8) This equation is used below to compute the time needed for V m (t) to reach threshold. To simplify the analysis, the membrane resistance during that interval was considered constant.
PART II: DETERMINATION OF THE VALUE OF R M .
Since the ionic channels involved (I K and I K1 ) behave like resistors in parallel, the equivalent membrane resistance at a given value of voltage and time will be l/R m (V,t)=1/(R K1 (V)+l/R K (V,t) or R m (V,t) = [ (9) where R K1 is the chord resistance of the I K1 channel, calculated as the difference between two specific voltage values (see Figure IB ): RKi = (V m "-V m ')/(lKi"-I K i') (10) and R K (V,t) is the resistance of the I K channel.
To calculate R K1 for the Beeler and Reuter 3 cell, we considered V m " as the value of membrane potential during resting conditions. Once V m " was known, we calculated I K1 " using Equation 16 (see Appendix 2), and I K1 ' was assumed to be equal to I K1 "+I. With these parameters, the value of V m ' could be easily estimated from the I K , I-V relation.
Deactivation of I K is a relatively slow process that can outlast the repolarization after an action potential, 1 and experimental evidence from isolated tissue preparations 23 and single cells 7 (see also above) has suggested that such a process can be fitted by a single exponential. Thus, after an action potential, the value of R K during diastole (measured at a constant voltage level) would be described as R K (t)=R K (0) exp(t/T K ) (11) where R K (0) is the value of R K at the onset of I K deactivation when t=0. Then, if we assume that membrane potential is constant throughout the entire diastolic interval (however, see "Discussion"), we could see that R m will change as a function of time, according to the equation For a specific value of R m , we define the threshold potential, V lh , as: V th =V K +J Then, provided the product of R m and I is greater than J, an active membrane potential discharge should ensue at time t F . This time is obtained by solving Equation 8 for V m =V,i,: J+V K =R m I+V K +(V m (0)-V K -R n , I) expHp/TJ (13) We can simplify this equation by assuming V m (0)=V K . Then, t F can be easily derived by rearranging Equation 13 : t F =T m ln[I RJ(I R m -J)] (14) Now recall that R m is a slowly varying function of time. Thus, t F at different times after the start of deactivation is given by
which is the same as Equation 1 in "Materials and Methods" and R m (t) is given in Equation 12.
Solution
To determine t F at different times following the start of I K deactivation, the following steps must be carried through: 1) Determine experimentally the values of R^, R K (0), T K , T m , J, and I. 2) Set a time (t) after the action potential. 3) Determine R m (t) from Equation 12 (or 2). 4) Substitute R m (t) in Equation 15 (or 1) to find t F .
